T
he bacterium Yersinia enterocolitica is a food-borne zoonotic pathogen that causes various gut-associated diseases (yersiniosis) in humans, including acute enteritis, enterocolitis, diarrhea, and mesenteric lymphadenitis. The disease is typically self-limiting, although sequelae such as reactive arthritis, erythema nodosum, and thyroiditis are also common (1) .
Based on their biochemical properties, pathogenic strains of Y. enterocolitica are classified into different biotypes and are further grouped into different serotypes (O:3, O:5,27, O:8, and O:9). Biotype 1B strains (e.g., 1B/O:8) are highly virulent for mice, whereas biotype 2 to 5 strains have lower pathogenicity in mouse models (1) . Although less virulent in mice, biotype 2 to 5 strains account for the majority of human yersiniosis cases. In particular, bioserotype 4/O:3 strains are by far the most frequent causes of outbreaks in Europe and Japan (80 to 90%). This bioserotype is less common in North America, but lately, it has replaced Y. enterocolitica 1B/O:8 as the predominant serotype in these geographic regions (2, 3) .
Y. enterocolitica was frequently isolated from wild animals (e.g., boars) and livestock (e.g., sheep, cattle, goats, and poultry), but the most important reservoir for human infections is pigs, from which pathogenic Y. enterocolitica (in particular serotype O:3 and O:9 strains) can be routinely isolated (1, 4, 5) . Pigs are generally symptomless carriers, but they show clear seroconversion (e.g., develop antibodies against the Yop proteins and lipopolysaccharide [LPS] ), which has been used to detect swine carriers of this enteroinvasive pathogen (6, 7) . Pathogenic Y. enterocolitica carriage rates in swine range from 35% to 70% of herds and 4.5% to 100% of individual swine (8) . The bacteria colonize their oropharynx, nasopharynx, and intestinal tract for long periods without induction of pathological changes (9, 10) .
The primary route of human infection was shown to be food borne. Transmission of Y. enterocolitica by the fecal-oral route through contaminated water or food has been frequently reported. The bacteria are most commonly found in raw or undercooked pork or pork products (e.g., chitterlings), but also, outbreaks associated with other dairy and meat products and nosocomial transmissions have been documented (1, 4, 11) .
The route of infection and virulence factors important for pathogenesis of Y. enterocolitica, in particular of the intensively studied bioserotype 1B/O:8 strains, are well known. After oral ingestion, the bacteria reach the terminal ileum, where they cross the intestinal epithelial layer through antigen-sampling M cells. Subsequently, they proliferate in the underlying lymphoid tissue and disseminate to the mesenteric lymph nodes, liver, and spleen (12) . To invade and survive within different host tissues, Y. entero-colitica utilizes a large set of virulence factors encoded on the chromosome and on the virulence plasmid (pYV) (13, 14) . Host cell interaction and invasion are promoted mainly by the adhesins invasin (InvA) and YadA. Invasin binds to ␤ 1 -integrin receptors and induces the most efficient uptake of the bacteria into mammalian cells, which is important for rapid transcytosis of the intestinal epithelial layer (15, 16) . Expression of the invasin protein is temperature and growth phase dependent, and this control process is mediated by the thermosensing transcriptional factor RovA (17, 18) . YadA is a multifunctional virulence factor that promotes binding to extracellular matrix proteins such as collagen, fibronectin, and laminin and protects the bacteria from complement-mediated lysis and phagocytosis (19, 20) . The yadA gene is encoded on the pYV plasmid and is coexpressed with the plasmidencoded Ysc type III secretion system (T3SS) and the antiphagocytic effector proteins (Yops) in a temperature-dependent manner (13) . Enteropathogenic Yersinia strains have also been shown to modulate host immune responses. Invasin-or YadA-mediated contact with epithelial cells triggers activation of the nuclear factor NF-B and induces production and secretion of the proinflammatory chemokine interleukin-8 (IL-8) (21, 22) . As IL-8 is a potent chemoattractant for neutrophils, which transiently separate cell-cell contacts to infiltrate infected tissues, it was assumed that IL-8 secretion facilitates paracytosis and increases dissemination of the bacteria into deeper tissues. Furthermore, several Yop effector proteins, which are injected into professional phagocytes, were shown to manipulate the release of several proinflammatory cytokines such as tumor necrosis factor alpha (TNF-␣), IL-6, IL-8, and IL-12 and the anti-inflammatory cytokine IL-10 (23). The release of these cytokines was shown to be an important part of the immune response (e.g., activation of natural killer cells and T cells) against Y. enterocolitica infection, and perturbation of their release was shown to be crucial to overcome innate and adaptive immune responses (24) . A second and well-studied attribute of the Yop proteins is the ability to induce host cell apoptosis and prevent uptake and lysis of Yersinia by professional phagocytes (23) .
Y. enterocolitica generally persists and multiplies extracellularly in aggregates within lesions and abscesses when established in the lymphatic tissues. During this stage of infection, they are able to resist phagocytosis by macrophages and neutrophils through T3SS and Yop protein functions. However, it has been shown that pathogenic Yersinia species can also survive and replicate within macrophages (25) . It has been hypothesized that macrophages provide a replicative niche, in particular during the very early stages of infection, before the T3SS and Yops are expressed. This would (i) allow the bacteria to replicate while they are protected from neutrophils recruited to the site of infection, (ii) delay adaptive immune responses by hindrance of antigen representation, and (iii) permit the use of macrophages as transport vehicles for dissemination from gutassociated tissues to deeper organs (25, 26) .
Studies analyzing Y. enterocolitica virulence factors and their role in pathogenesis were performed mainly by using the highly mouse-virulent 1B/O:8 strains. However, most Y. enterocolitica patient isolates belong to different bioserotypes (e.g., 4/O:3 and 3/O:9), which are also frequently isolated from food and animals, but they are less virulent to mice. These Y. enterocolitica isolates can infect a wide range of hosts with various severities of disease, but the connection between human and animal isolates and the molecular mechanisms that determine the different outcomes of infections are not well understood. To gain more information about the individual virulence determinants that contribute to host specificity, host adaptation, and disease development, we investigated the abilities of different subtypes to infect and proliferate in different murine, porcine, and human epithelial cells and macrophages. We further analyzed host-specific immune responses to different strains and found that human and animal isolates of Y. enterocolitica show significant serotype-specific colonization and host-specific immune defense properties.
MATERIALS AND METHODS
Bacterial strains, cell culture, media, and growth conditions. The bacterial strains used in this study are listed in Table 1 . Y. enterocolitica strains isolated from humans and animals, in particular pigs, were selected from libraries held at the Governmental Institute of Risk Assessment and the Robert Koch Institute in Germany. Escherichia coli strains were grown at 37°C in Luria-Bertani broth (LB), and Y. enterocolitica was grown at 25°C or 37°C in LB under aeration on a shaker (Multitron; Infors, Bottmingen, Switzerland) at 200 rpm.
All cell lines were grown at 37°C in the presence of 5% CO 2 . Human HEp-2 cells were cultured in RPMI 1640 medium plus GlutaMax (Invit- The optical density at 600 nm (OD 600 ) of the cultures was adjusted, and an aliquot was withdrawn from each culture. To visualize the YadA and InvA proteins, whole-cell extracts were prepared and separated on 10% SDSpolyacrylamide gels as described previously (27) . For detection of the RovA protein, whole-cell extracts were separated on 15% polyacrylamide gels. Subsequently, proteins were transferred onto a polyvinylidene difluoride (PVDF) Immobilon transfer membrane (Millipore) and probed with polyclonal antibodies directed against the YadA, InvA, or RovA protein. The antigen-antibody complexes were visualized with a secondary rabbit alkaline phosphatase antibody (Roth) with 5-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazolium (Roth) as the substrates. The total number of host cell-associated bacteria was determined by cell lysis using 0.1% Triton X-100 and plating onto bacterial media (27, 28) . Bacterial uptake was assessed 30 min after infection as the percentage of bacteria that survived killing by gentamicin, as described previously (29) . For each strain, the relative levels of bacterial adhesion and uptake were determined by calculating the number of CFU relative to the total number of bacteria introduced onto cells. The number of invaded bacteria is given relative to the number of cell-bound bacteria. The experiments were routinely performed in triplicate.
Cell viability tests of macrophages. To examine the cell viability of infected macrophages, cells were infected with bacteria grown at 25°C or 37°C at an MOI of 1, 10, or 50. At 2, 24, and 48 h postinfection, the cell viability of the macrophages was analyzed by using the Live/Dead Viability/Cytotoxicity kit for mammalian cells (Invitrogen). Intracellular esterase activity generates a green fluorescent compound of a nonfluorescent substrate of the kit. Vital green fluorescent cells (detectable at an excitation wavelength of 494 nm and an emission wavelength of 517 nm) and ethidium bromide-stained dead red fluorescent cells (excitation wavelength of 528 nm and emission wavelength of 617 nm) were visualized with a fluorescence microscope (Axiovert II with Axiocam HR; Zeiss, Germany) by using the AxioVision program (Zeiss, Germany).
Assays of bacterial survival in macrophages. Bacterial survival within macrophages was determined by a gentamicin protection assay, as described above. Cells were infected at an MOI of 10. One hour after infection, cells were washed and incubated in fresh medium containing gentamicin (50 g/ml) to kill extracellular bacteria. To determine the number of invaded bacteria (T ϭ 0 h) a portion of the cells was lysed with 0.1% Triton X-100 1 h after gentamicin treatment. The remaining cells were washed and incubated for 23 h in medium containing 12 g/ml gentamicin. Subsequently, the macrophages were lysed with 0.1% Triton X-100 and plated onto bacterial medium (T ϭ 24 h) to determine the percentage of viable intracellular bacteria according to the following equation: percent surviving bacteria ϭ number of bacteria (T ϭ 24 h)/number of bacteria (T ϭ 0 h) ϫ 100.
Electron microscopy. Infected macrophages were fixed with 2.5% glutaraldehyde and 2% tannin, washed with cacodylate buffer, and fixed with 1% aqueous osmium for 1 h at room temperature. Dehydration was achieved with a graded series of acetone (10, 30 , and 50%) on ice. At 70% dehydration, samples were incubated overnight in 70% acetone and 2% uranyl acetate and dehydrated with 90% and 100% acetone on ice. Samples were embedded in Spurr epoxy resin as described previously (30) . Ultrathin sections were picked up with Butvar-coated grids, counterstained with uranyl acetate and lead citrate, and examined with a TEM910 transmission electron microscope (Carl Zeiss, Germany) at an acceleration voltage of 80 kV. Images were recorded digitally at calibrated magnifications with a Slow-Scan charge-coupled-device (CCD) camera (ProScan; 1,024 by 1,024 pixels) with ITEM software (Olympus Soft Imaging Solutions, Germany). Contrast and brightness were adjusted with Adobe Photoshop CS3.
Preparation and culture of murine and porcine bone marrow-derived macrophages. Six-week-old female C57BL/6 mice were obtained from Harlan-Winkelmann (Borchen, Germany). The animals were maintained, according to institutional guidelines, in individually ventilated cages and were given food and water ad libitum. Harvesting of murine and porcine cells has been performed in compliance with the German animal protection law (TierSchG BGBI S. 1206; 18 August 2006). Animals used were reported to the Lower Saxony State Office for Consumer Protection and Food Safety according to the German laboratory animal reporting act (VersTierMeldV BGBI S. 2156; 4 November 1999). Bone marrow cells were obtained by flushing the femurs and tibiae. Cells were strained by the use of 100-m cell strainers (BD Falcon) and pelleted by centrifugation. The pellets were resuspended and cultured in DMEM (Biochrom) supplemented with 10% FCS (Biochrom) and 1% penicillin-streptomycin (SigmaAldrich) and containing 50 ng/ml murine macrophage colony-stimulating factor (M-CSF) (PAN Biotech GmbH). On day 4, the amount of M-CSF was reduced to 25 ng/ml. After an additional 4 days of cultivation, differentiated macrophages were obtained and used for infection experiments.
Five posterior ribs of German hybrid fattening pigs (German Hybrid Pig Breeding Programme) were kindly provided by the Clinic for Swine, Small Ruminants and Forensic Medicine of the University of Veterinary Medicine Hannover Foundation. The outer surface of the bones was cleaned with 70% ethanol, and the bone marrow was flushed. Preparation, freezing, cultivation, and differentiation of the porcine bone marrow-derived macrophages (BMDMs) were done according to methods reported previously by Kapetanovic et al. (31) . RPMI 1640 (GlutaMaxI; Gibco) supplemented with 10% porcine serum (Sigma-Aldrich) plus 1% penicillin-streptomycin (Sigma-Aldrich) was used as the culture medium. The medium contained 50 ng/ml human M-CSF (ProSpec) during the first 4 days of cultivation. At later time points, the M-CSF content was reduced to 25 ng/ml. One, three, and seven days after preparation, differentiation of the porcine BMDMs was checked by flow cytometry analysis for expression of the surface markers CD14, CD16, CD163 (AbD Serotec), and CD172a (Southern Biotec). Differentiated porcine BMDMs were used for infection experiments on day 8 after preparation.
Determination of cytokine secretion by infected macrophages. To examine cytokine secretion induced by macrophages after infection, porcine and murine BMDMs were infected with different Y. enterocolitica isolates at an MOI of 10. At 0.5 h after infection, cells were washed and incubated in fresh medium containing gentamicin (50 g/ml) to kill extracellular bacteria. After 1 h, cells were washed and incubated for an additional 23 h in medium containing 12 g/ml gentamicin. Subsequently, supernatants were collected and stored at Ϫ80°C. For experiments investigating the influence of IL-10, 10 ng/ml or 100 ng/ml recombinant porcine IL-10 (Kingfisher Biosciences) was added to the medium 30 min before and during infection. Levels of secreted murine and porcine cytokines and chemokines were determined with Procarta cytokine assay kits (Affymetrix) by using the Luminex detection system according to the manufacturer's instructions.
Considering that each suite of measured cytokines comprises the host's response cytokine profile, the global cytokine pattern (using hierarchical clustering and ordination) can be used as a biomarker for discerning pathogen exposure (32, 33) . To do so, a data matrix comprising the concentrations of these cytokines, using the mean of n technical replicates for each sample, was compiled. Pairwise sample comparisons were performed by using the Bray-Curtis similarity algorithm, creating a resemblance matrix that was then used to construct both group-average hierarchical clustering (33) and principal coordinate analysis (PCoA) plots (32) . The clusters are used to visualize and compare the influences of different Y. enterocolitica strains on cytokine secretion by BMDMs. Strains that provoke a similar pattern of cytokine secretion appear close together in the hierarchical cluster and ordination plot. Bubbles were superimposed onto the PCoA ordination so as to represent the concentration of each cytokine within each particular sample. By using this method, differences between the concentrations of the secreted cytokines are easily detectable, as reviewed by Genser et al. (32) . All multivariate data analyses were performed by using PRIMER v.6.1.6 according to the user manual/ tutorial (PRIMER-E; Plymouth Marine Laboratory, United Kingdom).
Determination of cytokine secretion upon IL-10 induction by infected porcine macrophages. Blood of German hybrid fattening pigs (German Hybrid Pig Breeding Programme) was kindly provided by the Clinic for Swine, Small Ruminants and Forensic Medicine of the University of Veterinary Medicine Hannover Foundation. Fresh blood was mixed with 0.85% NaCl and overlaid with Ficoll. After gradient centrifugation, all interphases were pooled and washed with RPMI medium. Cells were incubated with magnetic anti-CD14 microbeads (Miltenyi Biotech), and monocytes were enriched by using the MACS magnetic column system (Miltenyi Biotech). Equilibration of the column was done by adding PBE buffer (1ϫ PBS [pH 7.2], 0.5% BSA, 2 mM EDTA). Subsequently, the cell suspension was added onto the column, and all unlabeled cells were washed off with PBE buffer. After the column was removed from the magnetic field, CD14-positive cells were eluted in PBE buffer. Differentiation of the cells was carried out as described above for porcine BMDMs.
Yop secretion and translocation. Y. enterocolitica strains of different serotypes were grown overnight at 25°C in LB medium, diluted 1:50 in fresh LB medium, and grown for 2 h at 25°C. To compare Yop secretion levels, cultures were shifted to 37°C and grown for an additional 4 h in the presence of 20 mM Mg 2ϩ and 20 mM Na-oxalate. Proteins in the supernatant were harvested, filtered (0.2 m), and precipitated with trichloroacetic acid (TCA). Precipitated proteins were washed with acetone, suspended in SDS sample buffer, separated on 12% SDS-polyacrylamide gels, and stained with Coomassie brilliant blue.
For the analysis of Yop translocation, bacteria were grown for an additional 2 h at 37°C and added to 2 ϫ 10 5 porcine macrophages (PLN-C2) at an MOI of 70. At 2 h postinfection, cells were washed with PBS, resuspended in SDS sample buffer, and separated on 12% SDS-polyacrylamide gels. Proteins were blotted onto a membrane, and intracellular Yop proteins were visualized with an antiserum directed against all secreted Yop proteins.
RESULTS
Y. enterocolitica interaction with epithelial cells is serotype specific but is not dependent on the source of the isolates and the host. The ability of Y. enterocolitica to adhere to and invade epithelial cells is crucial for host tissue colonization and the progression of the infection process. To compare cell binding and invasion properties of different Y. enterocolitica serotypes from various sources, we tested their capacity to adhere to and invade three human (HEp-2, LoVo, and Caco-2), one murine (Mode-K), and two porcine (IPI-2I and IPEC-J2) intestinal-derived and nonintestinal epithelial cell lines to ascertain potential host-specific colonization properties. Since the expression patterns of predominant Yersinia colonization factors such as invasin and YadA change drastically upon a shift from 25°C to 37°C, cell adhesion and internalization were tested with bacteria grown at both temperatures. The adhesion rate of the well-studied Y. enterocolitica 1B/O:8 strain 8081v grown at 25°C was used as the reference and set to 100%. We found that the overall cell adhesion and invasion patterns of the different isolates on the tested human, murine, and porcine epithelial cells were very similar ( Fig. 1 and 2 ; see also Expression levels of YadA, InvA, and RovA differ strongly among the different Y. enterocolitica isolates. In order to investigate the contribution of the main adhesion factors InvA and YadA to the different serotype-specific colonization patterns, we first analyzed expression levels of both pathogenicity factors. Invasin of Y. enterocolitica O:8 strain 8081v was previously shown to be maximally expressed at moderate temperatures, whereas YadA was produced only at 37°C (35, 36) . To compare the amounts of YadA and InvA among all isolates, we grew the bacteria at 25°C and 37°C. As shown in Fig. 3, no YadA, but invasin, was detectable in all isolates when the bacteria were grown at 25°C. At 37°C, YadA was expressed in all strains at similar levels, whereby the apparent size of the YadA molecules varied slightly among the isolates. However, YadA size alterations were not serotype specific and were independent of the origin of the strains (Fig. 3) . They seemed to be based on a various number of 15-mer repeats in the stalk region, which determine the overall length of YadA but not the general adhesion properties of the molecule (19) . Large variations of InvA and RovA levels were observed at 37°C (Fig. 3) . Invasin levels were generally very low in serotype O:8 strains and significantly reduced in all O:5,27 strains, whereas intermediate levels were detectable in serotype O:9 strains, and larger amounts were found in all serotype O:3 strains. To examine whether the differential expression of invasin is based on different expression levels of the InvA-regulatory protein RovA, we also tested the intracellular amounts of RovA in the Y. enterocolitica isolates. In general, RovA levels were high in serotype O:3 strains expressing high levels of invasin at 37°C, whereas smaller amounts were detected in O:5,27 and O:8 strains with significantly reduced invasin levels (Fig. 3) . Larger variations of RovA levels were detected only among the serotype O:9 strains. Taken together, the isolation source of the Y. enterocolitica strains does not seem to have a major impact on the synthesis of invasin and YadA; only serotype-specific variations of invasin levels were observed. Y. enterocolitica interactions with and entry into macrophages are serotype but not host specific. It is well documented that Y. enterocolitica can trigger or prevent uptake by phagocytic immune cells such as macrophages. The invasin protein of Y. enterocolitica interacts with ␤ 1 -integrins on the macrophage surface and has been shown to induce actin cytoskeleton rearrangements that lead to phagocytic uptake of the pathogen (37) . In contrast, bacteria primed to express the Ysc/Yop type III secretion pathway inhibit phagocytosis by translocation of the Yop effector proteins, which inhibit cytoskeletal rearrangements (23) . To assess the ability of the different Y. enterocolitica isolates to trigger uptake by phagocytes, we tested their cell adhesion and invasion properties with two human (THP-1 and U937), two porcine (PLN-C2 and 3D4/31), and two murine (J774A.1 and Raw264.7) macrophage cell lines (see Fig. S3 to S6 in the supplemental material). Strains were pregrown at 25°C and 37°C to ensure the expression of invasin or YadA, the type III secretion system, and the Yop effectors. The Y. enterocolitica strains bound to and internalized in macrophage cell lines in a serotype-specific manner, similar to what has been observed with epithelial cell lines; e.g., the lowest adhesion and invasion rates were observed with the Y. enterocolitica O:3 strain at 25°C (see Fig. S3 to S6 in the supplemental material). It is possible that the O:3-specific LPS structure might inhibit invasin function, which is known to be important for uptake by macrophages (37) . However, significant variations based on the different origins of the bacteria or the source of the cell lines were not detectable.
Persistence of Y. enterocolitica in macrophages. Recent studies also demonstrated that pathogenic yersiniae are able to survive and replicate within macrophages (25, (38) (39) (40) . However, it has also been demonstrated that the presence of a functional Ysc/Yop type III secretion system during phagocytosis decreases survival of internalized bacteria and at the same time induces apoptosis of the macrophages by a Toll-like receptor 4 (TLR4)-and YopP/J-dependent mechanism (41) . In order to address the abilities of different Y. enterocolitica isolates to persist in macrophages, we first determined the viability of infected macrophages by cytotoxicity assays. As shown in Fig. 4 incubation time after infection but was independent of the serotype and the growth temperature of the bacteria. The latter suggested that induction of the Ysc/Yop type III secretion system at 37°C had no influence on the killing of macrophages. To test this assumption, we compared survival rates of human (THP-1) and porcine (PLN-C2) macrophages challenged with O:8 strain 8081v, O:3 strain Y1, and their pYV-cured derivatives YE22 and YE23, but no considerable difference was detectable (data not shown). To a small extent, cell survival was also host dependent. More than 40% of the porcine macrophages underwent cell death after 48 h at an MOI of 1, whereas more than 90% of the human and murine phagocytes remained alive (Fig. 4) .
Based on these results, Y. enterocolitica survival assays were performed with the human, porcine, and murine macrophage cell lines at an MOI of 10 for 24 h. To determine the percentage of phagocytized intracellular bacteria, a cell sample was lysed at 1 h postinfection, and numbers of cell-associated and internalized bacteria were determined by plating. The numbers of bacterial CFU were determined 24 h after infection to measure intracellular survival. Survival and replication of the bacteria were somewhat less efficient in murine macrophages and were mostly serotype dependent ( Fig. 5 ; see also Fig. S8 in the supplemental material). For instance, serotype O:5,27 isolates were not able to survive and replicate in murine and porcine macrophages; persistence was observed only in macrophages from humans. Interestingly, replication did not correlate with the number of invaded bacteria; e.g., serotype O:3 strains grown at 25°C were less invasive than strains of other serotypes under the same conditions. However, significantly more bacteria were recovered 24 h after infection, indicating that replication of serotype O:3 strains inside the macrophages is more efficient ( Persistence of serotype O:3, O:8, and O:9 strains within the macrophages was generally increased when the bacteria were pregrown at 37°C (Fig. 5) . Using pYV-cured derivatives of serotype O:8 and O:3 strains 8081 and Y1 (YE22 and YE23), we demonstrated that this effect is not caused by the induction of pYVencoded virulence factors, since the survival rate of the pYV-cured strains was still somewhat higher when the strains were pregrown at 37°C (see Fig. S9 in the supplemental material) . On the contrary, loss of the virulence plasmid enhanced intracellular replication in both types of macrophages (see Fig. S9 in the supplemental material), indicating that expression of components of the Ysc/ Yop secretion machinery prevents intracellular replication of the bacteria, similar to what has been observed with Yersinia pseudotuberculosis (41) . We further tested expression of the Ysc/Yop secretion machinery and found that comparable amounts of the effectors are secreted and/or translocated into porcine macrophages by the different Y. enterocolitica serotypes (see Fig. S10 in the supplemental material). We also analyzed the intracellular location of these strains by transmission electron microscopy and demonstrated that the bacteria reside and replicate within a mem- brane-bound vacuole (phagosomal compartment) in both human and porcine macrophages (Fig. 6) .
Y. enterocolitica isolates induce a host-and serotype-specific cytokine response. To examine whether the amount and profile of released cytokines vary between macrophages of different host species, we used Luminex cytokine analysis technology to determine the cytokine levels in supernatants of infected porcine and murine bone marrow-derived macrophages (BMDMs). BMDMs were used because a significantly reduced intrinsic activation state and low cytokine expression levels for lipopolysaccharides were observed with macrophage cell lines (IC-21, J774A.1, and Raw264.7) compared with primary macrophages (42) . Secretion of several murine and porcine cytokines (TNF-␣, macrophage inflammatory protein 2 [MIP-2]/IL-8, IL-1␤, IL-4, IL-6, IL-12, alpha interferon [IFN-␣], IFN-␥, and IL-10) were tested. TNF-␣, IL-1␤, and IL-8/MIP-2 are mainly involved in the coordination of primary host immune responses to infection and are strongly induced during a Y. enterocolitica infection. They lead to the recruitment of neutrophils and macrophages and initiate reactions of the adaptive immune system (43) (44) (45) . In contrast, IL-10 is a potent anti-inflammatory cytokine that normally serves to counterregulate proinflammatory processes that can be detrimental for the host (e.g., bacterial sepsis), and it is involved in mediating immune tolerance in the gastrointestinal tract (46, 47) . Infection was performed with Y. enterocolitica strains of serotypes O:3, O:5,27, O:9, and O:8 grown at 25°C at an MOI of 10. Supernatants were harvested and analyzed 24 h after infection.
Mainly TNF-␣, IL-8/MIP-2, and also IL-10 were induced with all tested Y. enterocolitica serotypes by both porcine and murine BMDMs compared to uninfected cells. Global cytokine secretion profiles comparing the secretion patterns of these cytokines by infected murine BMDMs revealed two main clusters ( Fig. 7A and  C) . The cytokine secretion pattern induced by Y. enterocolitica strains Y1 (serotype O:3), 3192 (serotype O:5,27), and 651 (serotype O:9) differed considerably from the pattern induced by strain 8081v (serotype O:8), which is much more virulent for mice. No distinct cluster can be defined for cytokine secretion by porcine BMDMs. The most distant strain is Y1, which belongs to serotype O:3, the most prevalent serotype in pigs ( Fig. 7B and D) . Secretion of TNF-␣ and IL-1␤ (Fig. 8 and data not shown; see also Fig. S11 in the supplemental material) was strongly upregulated in porcine and murine BMDMs, but no host-specific differences in secretion levels were observed. MIP-2 levels secreted by infected murine BMDMs were also comparable among the different Y. enterocolitica strains. However, Y. enterocolitica-induced IL-8 secretion by porcine BMDMs varied strongly between the different serotypes. IL-8 levels were strongly increased after infection with Y. enterocolitica O:8 strains, and intermediate levels were detected with Y. enterocolitica O:5,27 and O:9 strains, whereas only a very small amount of secreted IL-8 was detectable after infection with Y. enterocolitica O:3 strains. Furthermore, host-specific differences in the secretion of IL-10 were detected. Most interestingly, IL-10 secretion was only slightly increased after infection of murine BMDMs with the different Y. enterocolitica serotypes, whereas much higher levels of IL-10 were detected for all Y. enterocolitica-infected porcine BMDMs (Fig. 8) . These differences might contribute to the different inflammatory responses observed during infection of swine and mice. In agreement with this assumption, we found that the addition of IL-10 reduced Y. enterocolitica Y1-and 8081-mediated induction of proinflammatory cytokines in porcine macrophages (see Fig. S11 in the supplemental material).
DISCUSSION
Y. enterocolitica is transmitted via the fecal-oral route among humans and animals. A wide range of animal species can be infected by Y. enterocolitica, but the severity of infection varies significantly between different hosts (1) . Y. enterocolitica infections often progress asymptomatically in pigs. As a consequence, apparently healthy pigs are a prevalent reservoir of Y. enterocolitica strains in the United States and Europe and are known to be the major source of Y. enterocolitica infections (9, 48) .
The aim of this study was to investigate virulence strategies of the pathogens that might contribute to the potential of Y. enterocolitica to cause disease symptoms in humans and rodents but not in swine. A set of different Y. enterocolitica isolates of serotypes O:3, O:5,27, O:8, and O:9 collected between 1976 and 2008 from animals and patients in Europe were used to infect intestinal epithelial cells and macrophages from human, mouse, and swine (for an overview, see Table S1 in the supplemental material). All tested animal and human isolates were able to adhere to and enter the different host epithelial and macrophage cell lines. This observation is supported by a previous study demonstrating that British Y. enterocolitica isolates from biotypes 2 to 4 are more invasive than biotype 1A strains, but similarly to our study, invasiveness appeared to be independent of the source of the isolate (49) .
In addition, the averaged association with and invasion by an individual isolate remained similar, suggesting that adhesiveness and invasiveness are not host specific. This is different from other enteric pathogens. Host specificity is well known for some Salmonella enterica serovars. For instance, S. enterica serovar Typhi and S. Paratyphi infect only humans, S. Gallinarum colonizes chickens, S. Dublin infects cattle, and S. Cholerasuis infects pigs (50) (51) (52) . S. Typhimurium causes infections without any specificity, but the severity varies between host species; e.g., the type 3 secretion systems encoded on Salmonella pathogenicity islands (SPIs) 1 and 2 are important for efficient colonization of cattle, but their disruption impairs virulence in chickens only mildly (53) .
Although the host cell binding and entry properties of pathogenic Y. enterocolitica isolates did not seem to be host and origin specific, certain serotype-and strain-specific differences were observed. In contrast to serotype O:5,27, O:8, and O:9 strains, all tested O:3 isolates exhibited a very low ability to interact and invade human, porcine, and murine intestinal cells when grown at 25°C. This phenotype is caused by the presence of a specific branched LPS structure consisting of a special O antigen and an outer core which inhibits invasin-mediated cell contact (34) .
Serotype-specific differences were also observed for the invasion of epithelial cells. Downregulation of inv expression at 37°C, as characterized for YeO:8 strain 8081v (35) , results in a reduction of host cell entry of serotype O:8 strains at the host temperature. However, only a slight reduction of the invasin expression level was seen in O:5,27 strains at 37°C, but no significant changes were detected in the highly prevalent serotype O:3 or O:9 strains. Interestingly, nucleotide differences in the inv O:9 promoter, recently identified in YeO:9 strain Y127, led to a 4-fold-higher inv expression level at 37°C than for YeO:8 strain 8081v (54) . Large amounts of invasin in serotype O:3 strains were shown to result from an additional temperature-independent promoter encoded by an inserted IS1667 element within the inv promoter region and a more stable RovA protein activating inv transcription (34) . Taken together, this indicates that invasin of Y. enterocolitica might be more important for the establishment of an infection in humans and domestic animals, as previous mouse infections with O:8 strains have indicated.
After invasion and transmigration through the M cells of the intestinal layer, yersiniae are encountered by invading phagocytic immune cells, in particular neutrophils and macrophages, as part of the first immune response. Multiple reports demonstrated the ability of Y. enterocolitica to prevent phagocytosis by macrophages through the function of the type III secreted Yop effector proteins (23) . However, increasing evidence exists that yersiniae actively invade, persist, and replicate within intact macrophages, which is likely to be important during early stages of infection (23, 25, 38) . Analysis of the adhesion, uptake, and intracellular location of different Yersinia isolates within human, murine, and porcine macrophages revealed no differences, indicating that interactions with these immune cells are also not host specific. In contrast, striking differences were observed when the persistence of bacteria and levels of secreted cytokines were compared. Both porcine macrophage cell lines seem more sensitive to Y. enterocolitica, and the overall survival rate of the bacteria was lower in cultured murine than in human and porcine macrophages. Also, serotype-specific differences became evident; i.e., all tested serotype O:5,27 strains were able to persist in human but not in porcine and murine macrophages. Several genes have been identified as being important for survival and adaptation to the intracellular stress situation. The PhoP/PhoQ two-component system was shown to be essential for the survival of Yersinia (55, 56) . The osmotic regulator OmpR and the global stress requirement protein GsrA are necessary for the stress adaptation of Y. enterocolitica inside macrophages (40, 57) . In addition, genes encoding glucose-1-phosphate-uridyltransferase (galU), a UDP-N-acetylglucosamine-2-epimerase (wecB), and a UDP-N-acetyl-D-mannosamine dehydrogenase (wecC) were shown to be important for survival of Yersinia in macrophages (58) . However, whether variations in macrophage persistence and replication result from differences in the expression or coding sequence of these components is unknown.
Several studies analyzed the inflammatory responses of cell lines or the intestinal mucosa of mice, but the characteristics and distinctions of the immune response during an asymptomatic infection in pigs are still unclear. To evaluate the response of macrophages in inflammation in pigs and mice upon Yersinia infec- tion, we used murine and porcine BMDMs and analyzed Yersiniatriggered cytokine production by these cells. Induction of the murine and porcine BMDMs with different Y. enterocolitica serotypes resulted in an increase of the secretion of several proinflammatory cytokines, including TNF-␣, IL-1␤, and IL-8/MIP-2. These cytokines have a wide spectrum of activity, coordinating host responses to infections, e.g., activation of complement opsonization, and initiation of various innate and adaptive immune responses. They were also found to be secreted by human macrophage-type cell lines upon infection with biotype 3, 4, and 1A strains, which are classically defined as nonpathogenic due to their lack of lethality in the mouse infection model (49, 59) . Furthermore, expression levels of these cytokines were increased upon invasin-mediated binding of YeO:8 strain 8081v to HeLa cells, and they were shown to play an important role in clearing YeO:8 infection in the murine model (22, 26, (43) (44) (45) .
We found that Yersinia-triggered IL-8 induction by porcine macrophages varied considerably between the Y. enterocolitica serotypes. IL-8 secretion was maximally induced by YeO:8 strains, whereas YeO:3 and YeO:9 strains showed only a very weak or low level of induction of IL-8 secretion. IL-8 secretion triggers primarily migration of neutrophils and other granulocytes toward the site of infection, which is associated with inflammation but leads to rapid clearance of the infection (60) .
Secretion of the anti-inflammatory cytokine IL-10 was studied, which counterregulates proinflammatory responses, ameliorates immunopathology, and plays a role in mediating immune tolerance in the gastrointestinal tract (46, 47) . It was previously shown that the Y. enterocolitica V antigen can drive IL-10 production, and IL-10 Ϫ/Ϫ mice were highly resistant to Y. enterocolitica O:8 infection, as shown by the lower bacterial loads in spleen and liver, absent abscess formation in these organs, and survival (61) (62) (63) . We found that IL-10 secretion is induced by both murine and porcine macrophages with all tested Y. enterocolitica serotypes. However, IL-10 production was much less induced in murine BMDMs than in porcine BMDMs. IL-10 is known to be produced by many different myeloid and lymphoid cells, e.g., macrophages, dendritic cells, B cells, and regulatory T cells (64) . During infection, it suppresses functions of dendritic cells, NK cells, and macrophages, all of which are required for optimal pathogen clearance, but they also contribute to tissue damage. As a consequence, IL-10 can both impede pathogen clearance and ameliorate immunopathology. It is therefore tempting to speculate that the high prevalence of serotype O:3 in pigs could be a consequence of both elevated IL-10-and decreased IL-8-mediated immune responses. This would directly inhibit pathogen clearance and may be induced by the pathogen to promote its own survival. Furthermore, it would reduce inflammation, prevent severe immunopathology, and give rise to persistent (asymptomatic) infections. A more indepth analysis of the immune responses to Y. enterocolitica infection in pigs is required to address this assumption and is part of our future work.
